Introduction {#sec1}
============

Antisense oligonucleotides (ASOs) are clinically useful for treating a variety of diseases.[@bib1] They employ base pairing with a target messenger RNA (mRNA) to achieve a high degree of selectivity. ASOs with stabilizing modifications (phosphorothioate and 2′-*O*-methoxyethyl) have been shown to reduce expression of their target genes in the central nervous system[@bib2] for months after the last delivery of the drug.[@bib3], [@bib4], [@bib5] The two most commonly reported mechanisms for ASOs in therapeutic applications are the following: (1) recruitment of RNase H1 to the RNA/ASO hybrid and subsequent degradation of the RNA[@bib5] and (2) correction of splicing defects that lead to disease when the ASO is designed to target splice junctions.[@bib6]^,^[@bib7] Splicing occurs cotranscriptionally during the synthesis of RNA,[@bib8], [@bib9], [@bib10], [@bib11] and this close link with transcription may suggest that ASOs could affect transcriptional synthesis. However, whether ASOs interfere with transcription has not yet been directly investigated.

Long-term memory formation and retention require coordinated transcriptional changes that are regulated by modifications to the epigenome. Decreasing acetylation by inhibiting histone acetyltransferases (HATs), such as cyclic AMP response element-binding (CREB)-binding protein (CBP), impairs long-term memory,[@bib12], [@bib13], [@bib14] whereas increasing acetylation by inhibiting histone deacetylases (HDACs) enhances long-term memory.[@bib15]^,^[@bib16] Eleven isoforms of classical HDAC proteins exist in mammals. HDAC2 and HDAC3, in particular, are responsible for regulating synaptic plasticity and memory formation relative to other HDAC isoforms.[@bib17]^,^[@bib18] Conditional knockout of the *Hdac2* gene using *Nestin*-driven *Cre* expression in mice improves hippocampal and prefrontal cortex-dependent learning tasks, while not affecting locomotion.[@bib17]^,^[@bib19] Conditional knockout of *Hdac3* with the same *Nestin-Cre* conditional knockout is lethal in pups, leading to death soon after birth.[@bib20] Because we were aiming to conduct sustained knockdown of a single *Hdac* isoform with ASOs, we chose to target *Hdac2*, reasoning that long-term repression of this isoform would likely be safer, potentially even early in development. Specific inhibition of HDAC2 has been a goal of pharmacological design,[@bib21]^,^[@bib22] but a completely selective inhibitor of HDAC2 catalytic activity has remained elusive because of poor pharmacokinetics and promiscuous subtype selectivity. ASOs represent a promising alternative to small molecule inhibitors of HDAC2 catalytic activity because of their specificity and longevity. Additionally, reduction of total HDAC2 protein levels with an ASO could be more therapeutically beneficial than only inhibiting catalytic activity because noncatalytic domains of HDAC2 suppress synaptic plasticity.[@bib23] We previously designed an ASO targeting *Hdac2* mRNA. This *Hdac2* ASO elicited substantial memory enhancement in wild-type mice in object location memory tests, and it rescued impaired memory in a mouse model of autism.[@bib24] However, the pharmacological characteristics of this ASO have been insufficiently explored.

We report here that our *Hdac2*-targeting ASO is long lasting and specific. A single injection of *Hdac2*-targeted ASO *in vivo* reduced *Hdac2* mRNA for 16 weeks and increased memory for 8 weeks. It has high selectivity for *Hdac2* but not other related histone deacetylase isoforms. Furthermore, it affects the expression levels of several other genes in the brain. These genes are involved in signaling through extracellular signal-regulated kinase (ERK) in the hippocampus and memory-associated immune signaling pathways in the forebrain. Although the *Hdac2* ASO used herein was designed to mediate degradation of target mRNA, we also found that the ASO elicits repression of an *Hdac2* regulatory post-transcription end-site RNA (post-TES RNA) transcript, which stimulates transcriptional suppression of its target gene and stalls RNA polymerase II (RNA Pol II).

Results {#sec2}
=======

*Hdac2* ASOs Repress *Hdac2* mRNA in Cultured Cells {#sec2.1}
---------------------------------------------------

Cognitive enhancement functions of *Hdac2* have been ascribed predominantly to gene regulation in neurons,[@bib17]^,^[@bib25] so we first tested ASO-directed *Hdac2* knockdown in primary neuron cultures. Two *Hdac2*-targeting ASOs were tested. ASO1 targets the 3′ untranslated region (UTR), and ASO2 targets exon 10 of the *Hdac2* mRNA. Controls included the vehicle in which ASOs are diluted, phosphate-buffered saline (PBS), and a structurally similar scrambled (SCR) ASO that targets no known mouse genes. In primary neurons ([Figure S1](#mmc1){ref-type="supplementary-material"}A), both *Hdac2* ASOs lead to *Hdac2* mRNA knockdown after 1 week of treatment relative to SCR ASO, measured by reverse transcription, followed by quantitative RT-PCR (qRT-PCR; [Figure 1](#fig1){ref-type="fig"}A). The ASOs also significantly reduced HDAC2 protein level ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Furthermore, the two *Hdac2* ASOs did not repress the mRNA of the closely related *Hdac1* isoform ([Figure 1](#fig1){ref-type="fig"}B). *Hdac1* was actually mildly increased in expression, which may be indicative of a compensatory mechanism.[@bib26] Additionally, we confirmed the efficacy and specificity of the *Hdac2* ASOs in a mouse neuroblastoma Neuro2a (N2a) cell line differentiated with serum-starvation conditions (dN2a; [Figure S1](#mmc1){ref-type="supplementary-material"}C). The *Hdac2* ASOs likewise reduced *Hdac2* ([Figure S1](#mmc1){ref-type="supplementary-material"}D) but not *Hdac1* mRNA in this culture system ([Figure S1](#mmc1){ref-type="supplementary-material"}E). These ASOs also specifically repress *Hdac2* in primary mixed glia culture, generated using methodology that promotes the growth of glia cells positive for markers of astrocytes and microglia ([Figures S1](#mmc1){ref-type="supplementary-material"}F--S1H).[@bib27]^,^[@bib28] ASOs are reported to be long lasting in the brain, and to test if repression of *Hdac2* mRNA by *Hdac2* ASO1 is long lasting in primary neurons, we tested *Hdac2* mRNA expression, 14 days after washing out the ASOs and saw significant reduction persisting after the washout ([Figure 1](#fig1){ref-type="fig"}C). Based on these *in vitro* findings, we conclude these *Hdac2*-specific ASOs elicit specific *Hdac2* mRNA repression in several cell types, and this effect is long lasting in neurons.Figure 1Specificity and Efficacy of *Hdac2*-Targeting ASOs in Primary Neuron Culture(A) Fold change in *Hdac2* mRNA expression after 1 week, 10 μM ASO treatment. *Hdac2* expression was normalized to *Hprt* in mouse primary cortical neurons. (B) Same samples as used in (A) were tested with *Hdac1*-specific primers; n = 6 wells of cell culture from two biological replicates, each performed with 3 technical replicates. (C) Comparison of expression of *Hdac2* RNA after a continuous 16-day treatment or 2-day treatment with ASO, rinsing with media, replacing media, and incubating cells without ASO for 2 weeks; n = 5 wells of cell culture from two biological replicates, each performed with 2--3 technical replicates. Error bars represent ± standard error of the mean (SEM). Gray dots show relative expression values for individual replicates. One-way ANOVA with Dunnett's multiple comparisons post hoc test was used for (A) and (B), and two-way ANOVA with Sidak's multiple comparisons post hoc test was used for (C). \*p \< 0.05, \*\*\*p \< 0.001. For qRT-PCR primers used throughout this study, refer to [Table S1](#mmc1){ref-type="supplementary-material"}. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Long-Term HDAC2 Protein Reduction in the Brain and Behavioral Memory Enhancement by *Hdac2* ASO1 *In Vivo* {#sec2.2}
----------------------------------------------------------------------------------------------------------

After identifying the persistent knockdown elicited by the *Hdac2* ASO in neurons, we next tested the longevity of a single intracerebroventricular (ICV) injection of *Hdac2* ASO1 in mice. We examined molecular and behavioral changes in these animals relative to SCR ASO out to 40 weeks postinjection ([Figure 2](#fig2){ref-type="fig"}A). HDAC2 protein was significantly lower for *Hdac2* ASO1 compared to SCR ASO in the cortex from 3 days through 16 weeks after treatment ([Figure 2](#fig2){ref-type="fig"}B). The injection repressed HDAC2 protein expression in the hippocampus as well as at the three times tested, 2, 8, and 16 weeks ([Figure 2](#fig2){ref-type="fig"}C; [Figure S2](#mmc1){ref-type="supplementary-material"}A). By contrast, protein analysis in the cerebellum showed no significant downregulation of HDAC2 protein levels at 2 and 32 weeks ([Figure S2](#mmc1){ref-type="supplementary-material"}B).Figure 2HDAC2 Protein Repression and Cognitive Enhancement across Time after ICV Injection of ASOs(A) Timeline of the *in vivo* study. Tissue was collected to analyze protein and RNA for 3 mice treated with SCR ASO and 3 mice treated with *Hdac2* ASO1 at each time point. d, days; w, weeks. RNA analysis is displayed in subsequent figures. (B) Quantitation of HDAC2 protein in *Hdac2* ASO1 relative to SCR ASO from western blots of cortical samples. (C) Quantitation of amount of HDAC2 protein in the *Hdac2* ASO1 group relative to SCR ASO from western blots in hippocampus samples. (D) Discrimination index of OLM test for *Hdac2* ASO1 and SCR ASO groups; n = 13, 12, 8, 13, 5, and 12 (for each group left to right). Error bars represent ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 from two-way ANOVA with Sidak's multiple comparisons post hoc tests. Gray dots show values for individual replicates. Error bars represent ± SEM. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Blocking HDAC2 has been shown to enhance memory formation, so we tested the duration of spatial memory enhancement in the ICV-injected mice. We used an object location memory (OLM) assessment of the treated animals at weeks 2, 8, and 16. Briefly, the OLM assessment is based on the spontaneous tendency of rodents to spend more time exploring an object that has been relocated. A higher discrimination index indicates that the mouse remembers the familiar placement. During training, we observe no difference in location preference between SCR ASO and *Hdac2* ASO1 animals ([Figure S2](#mmc1){ref-type="supplementary-material"}C), and total object interaction time during the OLM test was not different between groups ([Figure S2](#mmc1){ref-type="supplementary-material"}D). Animals that received a single ICV injection of *Hdac2* ASO1, 2 and 8 weeks later, had a higher discrimination index for the object in the new location compared to SCR ASO controls ([Figure 2](#fig2){ref-type="fig"}D). Because the cognitive enhancement decayed by 16 weeks, and HDAC2 protein levels were returning to normal, we ceased further testing of OLM after week 16.

To assess if this long-term effect by *Hdac2* ASO1 disturbed normal locomotion, we tracked movement during OLM training sessions at 8 and 16 weeks after injection and saw no differences in distance traveled ([Figure S2](#mmc1){ref-type="supplementary-material"}E). An open-field experiment was previously conducted at 2 weeks postinjection, also showing no locomotion differences between SCR ASO and *Hdac2* ASO1.[@bib24]

We further investigated if changes in other areas of the body were elicited by the ASOs and if the ASO crossed the blood-brain barrier. The liver, which is one of the primary peripheral sites of ASO accumulation,[@bib29] showed no significant mRNA or protein reduction at the two time points tested (2 and 32 weeks) after ICV injection ([Figure S2](#mmc1){ref-type="supplementary-material"}F). Similar to prior studies with other ASOs,[@bib30]^,^[@bib31] injection of *Hdac2* ASO1 into the tail vein did not repress *Hdac2* mRNA in the brain, suggesting the ASO does not cross the blood-brain barrier. However, we do see knockdown in the liver at 2 and 8 weeks in these intravenously (i.v.) injected animals ([Figure S2](#mmc1){ref-type="supplementary-material"}G). These experiments emphasize that the ASO can improve memory, repress the intended target protein, and show favorable pharmacokinetics for targeting HDAC2 in the brain.

Isoform Specificity of *Hdac2*-Targeted ASOs {#sec2.3}
--------------------------------------------

We sequenced RNA from our mouse tissue samples collected over the time course, which yielded sequences that aligned well to the mouse genome ([Table S2](#mmc1){ref-type="supplementary-material"}). Principal component analysis shows low variance among replicates and clustering predominantly by brain subregion ([Figure S3](#mmc1){ref-type="supplementary-material"}A). We examined the isoform specificity of *Hdac2* ASO1 *in vivo* using these datasets. Of the 11 isoforms of classical *Hdacs*, the *Hdac2* gene was the only isoform significantly changed at any time during the 40 weeks of the study in the cortex ([Figure 3](#fig3){ref-type="fig"}A) and hippocampus ([Figure 3](#fig3){ref-type="fig"}B). In these subregions, repression of *Hdac2* was significant from 3 days to 16 weeks postinjection. Even though protein levels of HDAC2 were unchanged in the cerebellum, we nonetheless analyzed mRNA by RNA sequencing (RNA-seq). It also revealed significant knockdown of *Hdac2* but not other *Hdac* isoforms ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Like in the cortex and hippocampus, the changes were statistically significant between 3 days and 16 weeks after administration of the ASOs, but mean *Hdac2* mRNA levels never fell below 50% of SCR ASO levels, so repression was comparatively milder in this brain region. Together, these data emphasize that the *Hdac2* ASO is extremely isoform specific.Figure 3Isoform Specificity of *Hdac2*-Targeting ASOs in Different Brain RegionsFold change in *Hdac* isoform expression for *Hdac2* ASO1 animals relative to SCR ASO animals from the equivalent time points after ICV. (A) Fold change in *Hdac2* mRNA level for *Hdac2* ASO1 relative to the SCR ASO group in RNA-seq of the cortex and (B) hippocampus. \#FDR \< 0.05, \#\#FDR \< 0.01, \#\#\#FDR \< 0.001. d, days; w, weeks after ICV infusion. Shaded areas represent ± SEM. See also [Figure S3](#mmc1){ref-type="supplementary-material"} and [Tables S2](#mmc1){ref-type="supplementary-material"}, [S3](#mmc2){ref-type="supplementary-material"}, and [S4](#mmc3){ref-type="supplementary-material"}.

Gene-Expression Changes Induced by *Hdac2* ASO1 *In Vivo* {#sec2.4}
---------------------------------------------------------

Next, we wanted to identify gene-expression changes induced by *Hdac2* ASO1 during memory enhancement. This would generate new hypotheses regarding transcriptional programs that elicit cognitive enhancement when HDAC2 protein is reduced. The longevity of *Hdac2* ASO1 action allowed us to look at changes occurring after long-time periods of sustained repression that are not possible to study *in vitro*. We identified significantly changed genes by *Hdac2* ASO1 during the time span when we saw significant cognitive enhancement ([Figure 2](#fig2){ref-type="fig"}D). We did this by analyzing RNA-seq data from all time points collected between 2 and 8 weeks after ICV together (2, 4, and 8 weeks) and identifying a set of genes with altered expression by *Hdac2* ASO1 relative to SCR ASO. In the cortex, differentially expressed genes were predominantly activated by *Hdac2* ASO1 during cognitive enhancement ([Figure 4](#fig4){ref-type="fig"}A, left). For this set of genes, we also looked at fold changes at each time point ([Figure 4](#fig4){ref-type="fig"}A, right). By the times when HDAC2 protein levels are no longer significantly suppressed at 32 and 40 weeks ([Figure 2](#fig2){ref-type="fig"}B), the magnitude of fold changes in this gene set decays. The identified genes with altered expression in the cortex during cognitive enhancement are involved in immune-system processes, major histocompatibility (MHC) class I and II signaling, tumor necrosis factor (TNF) production, cell adhesion, and angiogenesis ([Figure 4](#fig4){ref-type="fig"}B). In the hippocampus, like in the cortex, genes are predominantly activated during cognitive enhancement. A similar pattern of activation and then eventual decay is seen ([Figure 4](#fig4){ref-type="fig"}C). Many of the same gene pathways as the cortex were identified, since of the 153 significantly changed genes, 97 overlap, but Gene Ontology (GO) terms related to positive regulation of ERK signaling cascades and regulation of neuron projections also were significantly enriched for this gene set ([Figure 4](#fig4){ref-type="fig"}D). In the cerebellum, 80 genes were differentially expressed between SCR ASO- and *Hdac2* ASO1-treated animals. Unlike in the cortex and hippocampus, genes were predominantly repressed rather than activated by *Hdac2* ASO1 ([Figure S4](#mmc1){ref-type="supplementary-material"}A), and overlap with differentially expressed genes from the hippocampus and cortex is low ([Figure S4](#mmc1){ref-type="supplementary-material"}B). No biological process gene ontology pathways were significantly enriched in this set of genes.Figure 4Functions of Significantly Changed Genes by *Hdac2* ASO1 Relative to SCR ASO in the Cortex and Hippocampus during Memory Enhancement(A) Heatmap of fold changes between *Hdac2* ASO1 and SCR ASO in RNA-seq for differentially expressed genes during cognitive enhancement (2-, 4-, and 8-week combined analysis; n = 9 for each treatment; FDR \< 0.05) in the cortex. Significantly changed genes were sorted in decreasing order by fold change in the combined 2-, 4-, and 8-week analysis. To the right, fold changes at individual time points are shown for the same set of genes sorted in the same order. Red represents activation, and blue represents repression. d, days; w, weeks. See [Table S6](#mmc5){ref-type="supplementary-material"} for the list of these differentially expressed genes in the cortex during cognitive enhancement. (B) DAVID GO biological process terms generated from significantly changed genes in the cortex are ranked top to bottom from most to least significant. Bonferroni p value \< 0.05 was the cut-off. (C) Heatmap of significant expression changes and (D) DAVID GO for differentially expressed genes in the hippocampus were analyzed, as described for the cortex. See [Table S7](#mmc6){ref-type="supplementary-material"} for the list of these differentially expressed genes in the hippocampus during cognitive enhancement. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Many of the genes identified in the cortex and hippocampus are involved in immune responses. Signaling through immune pathways is important for memory formation,[@bib32] so it is possible that the activation of these pathways leads to procognitive effects. However, activation of inflammation can also inhibit memory, neurogenesis, and neuroplasticity through decreasing brain-derived neurotrophic factor (BDNF).[@bib33], [@bib34], [@bib35] Therefore, we checked levels of BDNF protein in hippocampus from 2 to 8 weeks and saw no difference in BDNF protein levels between SCR ASO- and *Hdac2* ASO1-treated animals ([Figure S4](#mmc1){ref-type="supplementary-material"}C), suggesting *Hdac2* ASO1 is not activating cytokine signaling in a manner previously reported to interfere with neuroplasticity.

To validate the identified changes with qRT-PCR, we picked eight genes activated in the cortex and hippocampus that represented several of the subcategories identified in the GO analysis. We confirmed activation of all eight in RNA isolated from 2-, 4-, and 8-week hippocampus samples ([Figure S4](#mmc1){ref-type="supplementary-material"}D). Next, we tested if expression of these genes is altered in cultured neurons treated with ASOs. Of the set of eight, only *S100a4*, a calcium-binding protein, was activated by *Hdac2* ASO1 in neuron cultures ([Figure S4](#mmc1){ref-type="supplementary-material"}E). Furthermore, we find no significant changes in glia cultures in these genes ([Figure S4](#mmc1){ref-type="supplementary-material"}F), suggesting that either *Hdac2* ASO1 affects gene expression in cell types not represented in these cultures or that a complex interaction of cell types in the brain could be the source of these changes *in vivo*.

Prior work has shown that *Hdac2* knockdown with short hairpin RNA (shRNA) in primary neuron cultures activates the expression of a set of genes involved in synaptic function.[@bib23] We looked at the expression of these twelve genes in our RNA-seq datasets and found that none of them was significantly changed in the cortex ([Figure S4](#mmc1){ref-type="supplementary-material"}G) or hippocampus ([Figure S4](#mmc1){ref-type="supplementary-material"}H) between 2 and 8 weeks or at any individual time point. qRT-PCR, of a set of six genes selected from this group, confirms the lack of activation by *Hdac2* ASO1 in the 2-, 4-, and 8-week hippocampus samples ([Figure S4](#mmc1){ref-type="supplementary-material"}I). Our RNA-seq was conducted in heterogeneous tissue, so we cannot rule out that these genes could be changed in specific nonabundant cell types. However, we also do not see changes in these genes in primary neurons treated with *Hdac2* ASO1 either ([Figure S4](#mmc1){ref-type="supplementary-material"}J). Although differences in the knockdown method or culture preparation could explain our dissimilar findings, our cultures more closely match our *in vivo* data for this subgroup of genes. In summary, *Hdac2* ASO1 elicited a restricted set of changes in mRNA transcript abundance, predominantly affecting genes with ascribed functions in immune signaling in the cortex and hippocampus.

ASOs Repress a Nonpolyadenylated *Hdac2* Sense Transcript that Promotes *Hdac2* mRNA Expression {#sec2.5}
-----------------------------------------------------------------------------------------------

The long-lasting nature of the ASO repression in neurons and in brain tissues made us question if the ASO only degrades *Hdac2* mRNA or if it might also block its synthesis. We noticed in sequencing datasets that nonpolyadenylated transcription at the *Hdac2* locus continues in regions beyond the annotated transcription end site in primary neurons from mice[@bib36] and rats[@bib37] (TES; [Figure 5](#fig5){ref-type="fig"}A). Previous work has demonstrated that extra-coding RNAs (ecRNAs) are generated from many protein-coding genes in neurons and promote their transcription.[@bib37]^,^[@bib38] These RNAs are sense transcripts that are unspliced and transcribe over mRNA sequences and prevent repression of their gene of origin. ecRNAs begin transcription upstream of the transcription start site (TSS) and terminate downstream of the TES of the gene they regulate. *Cebpa* and *Fos* have regulatory ecRNAs, so we compared their post-TES sense transcript levels to *Hdac2* and identified post-TES signal for all genes. *Hdac2* is in the top 10% of all genes for having post-TES transcription ([Figure 5](#fig5){ref-type="fig"}B) and exhibits more of this post-TES transcription than *Fos* or *Cebpa*. This suggests that *Hdac2* could be regulated by a putative ecRNA.Figure 5*Hdac2* Is Regulated by a Nonpolyadenylated Transcript that Extends beyond the TES that *Hdac2* ASOs Repress(A) RNA-seq reads at the *Hdac2* gene from indicated sequencing libraries. Reads were stranded, and only the reads representing sense transcripts relative to the direction of the *Hdac2* gene are shown (+ for mouse, − for rat). Gene tracks are oriented such that the 5′ end of the *Hdac2* transcript is seen on the left. Locations of ASO target sequences are indicated below the diagrams. Region past the annotated TES +500 to +6,000 bp used in (B) is shaded in blue. (B) Signal in the sense direction in polyA^−^ RNA-seq past annotated TES (+500 to +6,000 bp downstream) was determined, the polyA^+^ signal was subtracted, and genes were plotted in rank order of least to most signal. The positions of *Hdac2* and other genes suspected or validated to have regulatory ecRNAs are labeled within this ranking. (C) Signal from RNA generated beyond the TES was detected with qRT-PCR using primers designed to the 3′ end of the *Hdac2* post-TES transcript (1.4 kb pairs \[kbp\] beyond the TES) in mouse hippocampus 2 weeks after ICV; n = 3 animals. (D) Post-TES signal after treatment with ASOs in primary neurons; n = 6 wells of cell culture from 2 biological replicates done in triplicate. (E) The *Hdac2* post-TES ASO repressed *Hdac2* mRNA (left) and *Hdac2* post-TES RNA expression (right). Reverse transcription of RNA was done with random primers for (C)--(E); n = 6 wells of cell culture from 2 biological replicates done in triplicate. *Hdac2* mRNA and post-TES signal were normalized to *Hprt*. Error bars represent ± SEM. Gray dots show values for individual replicates. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 by one-way ANOVA with Dunnett's multiple comparisons post hoc test in (D) or Student's t tests in (C) and (E). See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

Because the ASO1 and ASO2 target sequence is present in the *Hdac2* mRNA, *Hdac2* pre-mRNA, and putative *Hdac2* ecRNA ([Figure 5](#fig5){ref-type="fig"}A; target sequence location indicated below gene tracks), we wanted to test if these ASOs repress levels of the transcript that extend beyond the TES. We analyzed total RNA from the hippocampus, 2 weeks post-ICV, reverse transcribed with random primers, rather than with oligo dT, which would only pick up polyadenylated transcripts. We found that the post-TES transcript was repressed by *Hdac2* ASO1 *in vivo* ([Figure 5](#fig5){ref-type="fig"}C). Likewise, in primary cortical neurons, *Hdac2* post-TES transcript expression was reduced by both *Hdac2* ASO1 and ASO2 ([Figure 5](#fig5){ref-type="fig"}D). The mean abundance of *Hdac2* mRNA relative to the *Hdac2* post-TES transcript is over 100-fold in primary neurons and hippocampus ([Figure S5](#mmc1){ref-type="supplementary-material"}A), meaning the post-TES transcript is relatively limited in quantity in total RNA preparations. To see if repressing only the putative ecRNA by targeting a region past the TES had an effect on *Hdac2* expression, we designed a post-TES-specific ASO. This post-TES ASO significantly reduced *Hdac2* mRNA ([Figure 5](#fig5){ref-type="fig"}E, left) and the post-TES transcript ([Figure 5](#fig5){ref-type="fig"}E, right). Despite the low relative abundance of *Hdac2* post-TES transcript to *Hdac2* mRNA, targeting only the post-TES transcript had a powerful effect on the much more abundant *Hdac2* mRNA. From these data, we conclude that *Hdac2* mRNA and the post-TES transcript are both efficiently downregulated by *Hdac2*-targeting ASOs, and solely targeting the post-TES region that is unique to a putative ecRNA transcript is sufficient to elicit mRNA repression.

Prior reports show,[@bib37] and we confirmed, that *Fos* ecRNA-targeting ASO that targets the post-TES region of *Fos* reduces *Fos* mRNA transcript levels ([Figure S5](#mmc1){ref-type="supplementary-material"}B). We furthermore found, like our *Hdac2* mRNA-targeting ASOs, that a *Fos* mRNA-targeting ASO downregulates the expression of *Fos* ecRNA ([Figure S5](#mmc1){ref-type="supplementary-material"}C), suggesting that targeting mRNA sequences can also disrupt ecRNA expression. Mechanistically, this means that for both *Hdac2* and *Fos*, a single mRNA-targeting ASO may complete two tasks that both lead to downregulation of the target: transcriptional suppression through regulatory RNA knockdown and degradation of mRNA via RNase H1. Moreover, because *Hdac2* and *Fos* ASOs are both capable of being repressed using a post-TES ASO, these dual mechanisms could possibly be utilized to potently target other genes that have nonpolyadenylated post-TES regulatory transcripts with ASOs, which from our estimates includes about one-quarter of genes in neurons.

Direct Transcriptional Suppression by ASOs {#sec2.6}
------------------------------------------

Since ecRNAs are reported to regulate transcriptional accessibility, we tested the hypothesis that ASOs affect the transcription of *Hdac2* pre-mRNA. First, to assess the possibility of a transcriptional suppression mechanism *in vivo*, using random primer-generated cDNA made from total RNA taken from hippocampus samples from 2 weeks post-ICV, we confirmed that *Hdac2* mRNA is knocked down using our primers that span an exon-exon junction ([Figure 6](#fig6){ref-type="fig"}A, left). Moreover, at regions of the *Hdac2* gene that are part of the processed transcript (exon 5 and 3′ UTR), the knockdown level is similar to that of *Hdac2* mRNA ([Figure 6](#fig6){ref-type="fig"}A, right). This suggests that the processed transcript is evenly repressed, and no splicing defects occur. Indeed, looking at our sequencing data for the 2-week post-ICV samples, each exon of *Hdac2* is repressed to a similar level (between 40% and 60% of SCR ASO levels) across the gene by *Hdac2* ASO1 ([Figure S6](#mmc1){ref-type="supplementary-material"}A). However, in regions of the gene corresponding to the nascent pre-mRNA or putative ecRNA (intron 1 and intron 12), there is uneven repression ([Figure 6](#fig6){ref-type="fig"}A, right). Repression occurs more so in the gene body, as indicated by reduction of signal from *Hdac2* intron 12, rather than in the promoter-proximal region of *Hdac2* intron 1.Figure 6Direct Repression of *Hdac2* Transcription by *Hdac2* ASOs(A) Expression of *Hdac2*-processed mRNA transcript in mouse hippocampus, 2 weeks post-ICV, detected after random primer reverse transcription (left) and expression of regions across the *Hdac2* gene in the same samples (right). (B) Bioanalyzer high-sensitivity RNA chip gel-like image of BrUTP antibody-immunoprecipitated NRO samples made with unlabeled UTP (−) or with BrUTP (+). Units for ladder are shown in nucleotides (nt). (C) qRT-PCR of NRO samples made from primary cortical neurons treated with ASOs; n = 5 biological replicates from independent preparations of primary neurons. (D) qRT-PCR of NRO samples made from dN2a cells treated with ASOs; n = 3 technical replicates. (E) ChIP-qPCR with RNA Pol II-pS5 antibody was conducted in primary neurons treated with SCR ASO and *Hdac2* ASO1; n = 4 biological replicates. Paired Student's t test. Two-way ANOVA with Sidak's multiple comparisons post hoc test was performed for (A), (C), and (D). Error bars represent ± SEM; gray dots show values for individual replicates. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

To directly test if ASO1 and ASO2 prevent *Hdac2* pre-mRNA production, we conducted nuclear run-on (NRO) experiments to quantify nascent *Hdac2* transcripts. During NRO, newly synthesized RNA is tagged with bromouridine (BrU) and purified by immunoprecipitation (IP). The IP method was optimized to be able to isolate BrU-labeled RNA (+ samples), while washing away unlabeled RNA (− samples) with a very low background signal ([Figure 6](#fig6){ref-type="fig"}B). The level of *Hdac2* pre-mRNA in the immunoprecipitated nascent RNA fraction was measured by qRT-PCR. We observed that *Hdac2* ASO1 treatment results in no change at intron 1, a trend for reduced transcription past intron 1, and significant reduction of transcription in the 3′ UTR of *Hdac2* in primary neurons ([Figure 6](#fig6){ref-type="fig"}C). In dN2a cells, there was a similar pattern in the gene body past intron 1 with significant repression in the 3′ UTR, and *Hdac2* ASO2, although it targets a different exon, repressed *Hdac2* transcription in a similar pattern as ASO1 ([Figure 6](#fig6){ref-type="fig"}D).

Inhibitors of HDAC catalytic activity can activate and repress transcription,[@bib39]^,^[@bib40] so we tested if the changes we observed in the NRO experiment were an indirect effect of blocking HDAC activity using two broad-spectrum HDAC inhibitors: sodium butyrate (NaBu) and suberoylanilide hydroxamic acid (SAHA). There was no repression of *Hdac1* or *Hdac2* transcript levels ([Figure S6](#mmc1){ref-type="supplementary-material"}B), and *Hdac2* transcription in NRO assays was not blocked by NaBu ([Figure S6](#mmc1){ref-type="supplementary-material"}C). Treatment of the cells with SAHA also did not reduce *Hdac2* transcript levels but actually increased *Hdac1* and *Hdac2* mRNA expression ([Figure S6](#mmc1){ref-type="supplementary-material"}D). These controls suggest that *Hdac2* ASOs block transcription of *Hdac2*, irrespective of any epigenetic changes resulting from inhibition of deacetylation.

Transcription is not repressed in intron 1 by *Hdac2* ASO1 *in vivo* or *in vitro*, so we hypothesized that the ASO may interfere with the ability of RNA Pol II to continue transcription in the gene body after initiating transcription. When RNA Pol II stalls, the initiated form accumulates near the promoter.[@bib41]^,^[@bib42] Therefore, we looked for an accumulation of the initiated form of RNA Pol II (RNA Pol II phosphorylated at serine 5 of the C-terminal domain repeat region \[RNA Pol II-pS5\])[@bib43]^,^[@bib44] in intron 1 using chromatin immunoprecipitation (ChIP)-qPCR in primary neurons after *Hdac2* ASO1 treatment. We found more binding of this active form of RNA Pol II at this location after *Hdac2* ASO1 treatment ([Figure 6](#fig6){ref-type="fig"}E), as is expected for stalled RNA Pol II. Therefore, we conclude that *Hdac2* ASOs can reduce transcription of their target gene.

Discussion {#sec3}
==========

Conditional knockout of *Hdac2* in the brain elicits memory enhancement, while not affecting locomotion[@bib17] or anxiety.[@bib17]^,^[@bib19] This makes it an attractive target for sustained repression, and our studies indicate that *Hdac2* ASOs provide a powerful avenue to generate long-lasting beneficial changes in epigenomic organization in the central nervous system. Like HDAC3-specific inhibitors,[@bib45] we find that blocking *Hdac2* expression leads to cognitive enhancement in wild-type mice, indicating that suppression of single HDAC isoforms can be beneficial for improving long-term memory.[@bib17]^,^[@bib18] Prior studies show that the targeting of *Hdac2* specifically can ameliorate cognitive and social aspects of autism spectrum disorders.[@bib24]^,^[@bib46] Moreover, overexpression of HDAC2 protein is observed in human Alzheimer's disease, and memory improves after *Hdac2* knockdown in an animal model of Alzheimer's disease.[@bib47] Together, this shows that specific HDAC2 reduction is potentially therapeutically useful, and because of the chronic nature of these conditions, a long-lasting treatment, such as the described *Hdac2*-specific ASO, would be desirable.

We conducted unilateral ICV injection to administer the ASOs in this study. Regardless of the site of entry, ASOs are distributed widely in the brain after being introduced to the cerebrospinal fluid. Intrathecal (IT) injection is used more commonly in human and nonhuman primate studies.[@bib48] Bolus IT injection in nonhuman primates into the cerebrospinal fluid has been shown to spread effectively to various distal brain regions, including the cortex and hippocampus.[@bib48]^,^[@bib49] Therefore, injections of ASOs that penetrate the blood-brain barrier lead to wide distribution in the central nervous system. This seems to be true in our mice, too, because the RNA knockdown we report in the RNA-seq experiment was measured in the opposite hemisphere as the ventricle where the ASO was injected. What remains unknown is whether ASOs are broken down, sequestered, or cleared from the brain. Although the mechanisms of cellular uptake of ASOs have been studied and reviewed,[@bib29] the methods by which the body removes ASOs are much less understood beyond which organs participate. This is especially unclear in the central nervous system as intact ASOs do not seem to cross the blood-brain barrier, at least to a sufficient level to elicit therapeutic benefit. More exploration of how ASO targets recover expression and how ASOs leave the brain would be helpful for understanding the pharmacology of ASOs.

We do not yet fully understand which transcriptional changes elicited by long-term suppression of HDAC2 levels are necessary for memory enhancement. However, we find that ASO-induced repression of HDAC2 is associated with secondary changes in the expression of gene networks in the brain that have previously been implicated in forming memories. For example, genes associated with ERK signaling are altered in the hippocampus after lowering HDAC2 expression, and this signaling pathway is essential for memory formation and long-term potentiation of synaptic activity.[@bib50]^,^[@bib51] We also see changes in genes associated with immune functions in the hippocampus and cortex. Genes of this functional category play a role in promoting cognition[@bib52]^,^[@bib53] and synaptic plasticity.[@bib54], [@bib55], [@bib56], [@bib57] MHCI proteins are involved in memory[@bib52] and synapse formation.[@bib58] Likewise, evidence suggests that genes related to MHCII are also involved in learning.[@bib53] RNA-seq-identified positive regulation of TNF production as a significantly enriched set of genes changed after *Hdac2* ASO1 treatment, and *Tnfrsf1a*, which encodes the TNF1a receptor, is increased in the cortex and hippocampus. Importantly, TNF1a can increase synaptic strength through modulating α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) trafficking.[@bib59] Several more individual genes identified in our RNA-seq experiments also point to possible roles in aiding cognition. The S100A proteins bind calcium, and we found that the *S100a4* gene was activated by *Hdac2* ASO1 in the hippocampus and cortex and in primary neuron cultures. *S100a4* promotes neurite outgrowth,[@bib60] protects neurons after injury,[@bib61]^,^[@bib62] and decreases Aβ aggregation.[@bib63]^,^[@bib64] S100 proteins are secreted at sites of inflammation,[@bib65] so like several of the genes identified, they also seem to have immune functionality. The cluster of differentiation 74 (*Cd74*) gene was also activated in the cortex and hippocampus by *Hdac2* ASO1, and the CD74 protein is involved in assembly and trafficking of MHCII.[@bib66] Increasing *Cd74* expression decreases Aβ load and improves memory in Alzheimer's disease model mice.[@bib67] In whole, these results point to needing a better understanding of the multifaceted roles immune-related genes play to fully understand their role in synaptic activity and forming memories.

ASOs can be designed to use several mechanisms of altering gene expression through modulating stability, splicing, and translation of mRNA.[@bib68] Our study reveals a yet another mechanism of directly blocking transcriptional progression across the gene. Transcription-promoting noncoding RNAs, like ecRNA and enhancer RNAs, alter the accessibility of DNA to RNA Pol II.[@bib37]^,^[@bib38]^,^[@bib69] The nonpolyadenylated post-TES transcript of *Hdac2* that is potentially part of an *Hdac2* ecRNA could reduce accessibility after it is reduced by the ASO. This may explain the halt in RNA Pol II progression across the *Hdac2* gene. This is consistent with our findings that a post-TES targeting ASO reduces *Hdac2* mRNA and that the transcription stall is upstream of the ASO target site. The direct block of *Hdac2* transcription could help explain the endurance of effect for a single application of ASO. It appears that at least one-quarter of genes has a sufficient post-TES signal to be a potential candidate for this repression strategy. ASOs elicit a targeted reduction in gene expression that is potent and long lasting but accomplishes this without altering the underlying DNA sequence. This makes ASOs more attractive than other gene therapy approaches, like CRISPR,[@bib70] in certain contexts. This is because the changes induced by ASOs are extremely specific and enduring but not permanent or damaging to genomic sequences.

Materials and Methods {#sec4}
=====================

ASOs {#sec4.1}
----

*Hdac2* ASO1 (5′-CToCoAoC[TTTTCGAGGT]{.ul}ToCoCTA-3′), *Hdac2* ASO2 (5′-AToGoCoA[GTTTGAAGTC]{.ul}ToGoGTC-3′), *Hdac2* post-TES ASO (5′-CCoCoAoA[ATCACCTGTT]{.ul}CoToGAA-3′), and nontargeting SCR ASO (5′-GToToToT[CAAATACACC]{.ul}ToToCAT-3′) were generated by Ionis Pharmaceuticals using the phosphorothioate and 2′-*O*-methoxyethyl-modified ASO platform. *Fos* ASOs (*Fos* mRNA ASO \[5′-UCUGU[CAGCTCCCTC]{.ul}CUCCG-3′\], *Fos* ecRNA ASO1 \[5′-AGAUU[GGCTGCTTGG]{.ul}UGGGU-3′\], *Fos* ecRNA ASO2 \[5′-ACUAG[CGTGTCCTCTG]{.ul}AGUGA-3′\], and nontargeting SCR ASO \[5′-GUUUU[CAAATACACC]{.ul}UUCAU-3′\]) were ordered from Integrated DNA Technologies (IDT). Sequences are designed for targeting mouse transcripts. Underlined residues are deoxynucleosides, and all others are 2′-*O*-methoxyethyl nucleosides. All linkages are phosphorothioate, except those indicated by "o" between residues, which are phosphodiester.

Cell Culture {#sec4.2}
------------

Primary cortical neuron cultures were made from neonatal (P0) mice. Dissected cortices were treated with papain, supplemented with cysteine, and triturated to dissociate neurons. Cells were passed through a 70-μm filter (Falcon) and plated with neurobasal complete media (neurobasal with 1× B27 supplement, 1 mM sodium pyruvate, 1 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.5 mM [l]{.smallcaps}-glutamine) plus 10% fetal bovine serum (FBS). On day *in vitro* 1 (DIV 1), media were changed to neurobasal complete without FBS. Cells were treated overnight with 4 μM 5-fluoro-2′-deoxyuridine (FdU) to minimize dividing cells on DIV3, and 10 μM ASO was applied on DIV 5. For washout experiments, neurons were treated for 2 days with 10 μM ASO from DIV 5--7. Cells were rinsed with complete neurobasal media, left a few minutes, and media were replaced again. One-half of the media changes was done every 2 to 3 days for all primary neuron culture experiments. New media for changes did not contain ASO. All primary neuron experiments were performed using neurons at DIV 12--21. Time for neuron maturation did not affect gene-expression changes observed ([Figure S4](#mmc1){ref-type="supplementary-material"}), so data were combined.

N2a cells were obtained from ATCC and grown according to their recommended conditions. For long treatments, plates were coated in poly-[l]{.smallcaps}-lysine. Cells attached overnight, and media were changed to differentiation media (DMEM with [l]{.smallcaps}-glutamine without glucose, 10 mM galactose, 100 U/mL penicillin, 100 μg/mL streptomycin, and 1× N2 supplement) to make dN2a. After 4 days, one-half of the media was changed and supplemented with complete neurobasal media at a ratio of 1:400 neurobasal to differentiation media. One-half of the media changes was done as needed. Replacement media contained the drug at the same concentration as the initial treatment.

Primary glia cells were collected from pups, as described for primary neurons, except cells were plated at 10× less density and were grown in DMEM plus 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% FBS past DIV 1.[@bib27] No FdU was applied, and one-half of the media changes was done every 2 to 3 days. 10 μM ASO was added on DIV 3, and ASO was added at the same dose to media during one-half of the media changes.

For *Fos* ecRNA experiments, N2a were transfected with GenMute reagent (SignaGen), according to the manufacturer's specifications, with ASO at a final concentration of 60 nM. Media were changed to differentiation media, 5 h after transfection, and 2 days later, changed to neurobasal media. RNA was extracted the following morning.

Mice {#sec4.3}
----

Male B6129S F1 hybrid mice at 2 months of age were used in this study. This strain was acquired from The Jackson Laboratory. All procedures were performed with Institutional Animal Care and Use Committee (IACUC)-approved protocols and conducted in full compliance with the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).

Targeted Gene-Expression Analysis {#sec4.4}
---------------------------------

For all tissue-culture samples and 2-week hippocampus samples that were analyzed by random priming, the RNeasy Plus Kit (QIAGEN) and SuperScript VILO (Invitrogen) were used, according to the manufacturers' instructions. For RNA-seq qRT-PCR validation, 500 ng of RNA from 2-, 4-, and 8-week hippocampus samples was reverse transcribed with the Bio-Rad iScript Synthesis Kit, as recommended by the manufacturer. qPCR was performed with the CFX96 Optical Reaction Module (Bio-Rad) using SYBR Green (Bio-Rad). Relative gene expression was determined using the ΔΔCt method[@bib71] and normalized to *Hprt* for *in vitro* experiments and *Gapdh* for *in vivo* experiments. qPCR primer sequences are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

*In Vivo* ASO Administration {#sec4.5}
----------------------------

ASOs were injected into the brain by a unilateral ICV bolus injection of 300 μg. Mice were anesthetized with 2% isoflurane and secured in a stereotaxic frame (David Kopf Instruments). ASOs were diluted to 60 μg/μL in saline and injected 15 mg/kg into the lateral ventricle (anterior/posterior \[A/P\], −0.2; medial/lateral \[M/L\], −1.0; dorsal/ventral \[D/V\], −2.4 to the bregma) of 2-month-old mice at a rate of 1 μl/min. After the injection, the needle was kept in place for 5 min, followed by suturing of the incision. i.v. injections of ASO (300 μg) were done into the tail vein. Three animals per group per time point were treated.

Western Blots {#sec4.6}
-------------

Tissue from the hippocampus and whole cortex of the left hemisphere of the brain was homogenized in radioimmunoprecipitation assay (RIPA) buffer. Protein samples were run on 4%--20% TGX Gels (Bio-Rad), transferred to polyvinylidene fluoride (PVDF) membranes (Millipore), and blotted using standard protocols. Primary antibodies were the following: HDAC2 (Abcam; ab12169) ACTIN (Abcam; ab3280), and BDNF (Abcam; ab108319). Bands shown in western blot images for these proteins were at the expected sizes of 55, 42, and 15 kDa, respectively. Secondary antibodies were goat anti-mouse infrared (IR) 680 (LI-COR Biosciences; \#926-68020), goat anti-mouse IR 800 (LI-COR Biosciences; \#926-32210), and goat anti-rabbit IR 800 (LI-COR Biosciences; \#925-32211). Membranes were imaged on the LI-COR Biosciences Odyssey fluorescence imaging system.

Object Location Memory Test {#sec4.7}
---------------------------

Mice were habituated to an opaque polyurethane open box (10 × 10 × 12 in \[x, y, z\]) containing autoclaved bedding with one black line spatial cue for 3 days (5 min per day) prior to training. Mice were trained for 10 min with two 50-mL beakers in a particular location. Locomotion during the training session was tracked with ANY-Maze software. 24 h after training, one beaker was moved to a novel location, and the mice were recorded for 5 min. Interaction time with either object was scored, as previously described,[@bib72] and exclusion criteria were applied, as previously described.[@bib73] OLM was conducted on separate cohorts at 2 and 8 weeks. A subset of the 8-week cohort was used again for the 16-week OLM trial. The object that was moved to the novel location was altered at 16 weeks to help mitigate effects of retesting.

Total RNA-Seq {#sec4.8}
-------------

Tissue from the hippocampus and whole cortex of the right hemisphere was dissected. Total RNA and DNA was extracted with the AllPrep DNA/RNA/microRNA (miRNA) kit (QIAGEN). Total RNA-seq libraries were prepared using the TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Gold (Illumina), according to the manufacturer's instructions. 1 μg of RNA was used as starting material and amplified with 12 PCR cycles. Library size distribution was checked with an Agilent 2100 bioanalyzer, and quantity was determined using qPCR. Libraries were sequenced on an Illumina HiSeq 2500 using a 50-cycle rapid-run kit or an Illumina NextSeq instrument using a 75-cycle high-throughput kit. Read quality was confirmed with the FastQC tool, reads were aligned to the GRCm38.p3 mouse genome and transcriptome using TopHat,[@bib74] and differential expression tests were performed using featureCounts[@bib75] and edgeR,[@bib76]^,^[@bib77] with the glmLRT function used to determine significantly changed genes (false discovery rate \[FDR\] \< 0.05). For determining the significance of *Hdac* isoform changes at each time point individually, differentially expressed genes were called with all time points present in the statistical model, and differentially expressed genes between SCR ASO- and *Hdac2* ASO1-treated animals were determined for each time point. Fold changes depicted for the isoform specificity graphs were calculated using the *Hdac* isoform fragments per kilobase of transcript per million mapped reads (FPKM), normalized to *Gapdh* FPKMs. Statistical analysis to identify differentially expressed genes during cognitive enhancement was conducted on combined time points of 2, 4, and 8 weeks after ICV (between times when OLM enhancement by *Hdac2* ASO1 relative to SCR ASO is significant). The contrast between SCR ASO and *Hdac2* ASO1 was determined using time point as a blocking variable. A minimum fold-change threshold of 25% was also applied. Database for Annotation, Visualization and Integrated Discovery (DAVID)[@bib78]^,^[@bib79] was used for functional annotation of genes. Animals used for OLM were later used for tissue analysis (except 3-day and 2-week animals, which were naive). At least 11 days elapsed between the behavioral assay and tissue collection. Elapsed days were equal for *Hdac2* ASO1 and SCR ASO animals to control for any long-term transcriptional changes elicited by the behavioral assay.

Analysis of Post-TES Signal {#sec4.9}
---------------------------

BedGraph files from total RNA sequencing experiments conducted in mouse primary neurons were downloaded from GenBank: [GSE21161](ncbi-geo:GSE21161){#intref0010}.[@bib36] Fastq files of rat primary neuron polyA^+^ and polyA^−^ RNA-seq were downloaded from GenBank: [GSE64988](ncbi-geo:GSE64988){#intref0015}.[@bib37] Hisat2[@bib80] was used to align reads to the *Rattus norvegicus* genome assembly 5 (rn5) genome build. For visualization of the rn5-aligned gene tracks, bedtools[@bib81] genomecov was used to create bedGraph files, which were scaled to read depth. Reads on each strand were extracted using the SAMtools[@bib82] view specifying appropriate bitwise tags. Reference Sequence (RefSeq) annotated genes were used to generate an annotation of the +500- to +6,000-base pair region past the TES. When this region overlapped with another gene, the gene was removed from the annotation using bedtools intersect function with the --v option to exclude false interpretation of the signal that arises as the result of a nearby gene. Signal in the sense direction at these loci was extracted with SAMtools flagstat, and signal was normalized to the number of reads in the library. Signal from polyA^+^ was subtracted from the polyA^−^ sequencing experiments to remove any signal that came from incorrect annotation of the gene end site.

NRO {#sec4.10}
---

This procedure is based on several sources[@bib39]^,^[@bib40]^,^[@bib83]^,^[@bib84] and optimized to reduce nonspecific RNA binding. Nuclei were extracted as previously described,[@bib40] with lysis buffer containing Igepal concentration, optimized based on cell type 0.25% for dN2a and 0.5% for primary neurons. The run-on reaction was done, as previously described.[@bib40] RNA concentration was measured by NanoDrop and normalized. 30 μL Protein G Dynabeads were washed twice in BrU binding buffer, rotated at room temperature with 2 μg anti-bromodeoxyuridine (BrdU) antibody (Santa Cruz Biotechnology; IIB5, sc-32323) in BrU binding buffer for 10 min; blocking buffer was added, and beads rotated another 30 min at room temperature. After blocking, beads were washed 2 times with binding buffer. The blocked bead mixture was combined with RNA sample and put on a rotating stand for 30 min at room temperature. After binding, beads were washed twice for 2 min in BrU binding buffer, once in low-salt buffer and once in high-salt buffer and twice in Tris-EDTA-Triton X-100 (TET) buffer. Buffer compositions were previously published.[@bib84] On the final TET wash, beads were moved to a new tube, TET was removed, and TRIzol was used to elute and purify RNA, as previously described.[@bib83] Three rounds of immunoprecipitation were conducted on each sample. Purified RNA samples were heated at 65°C for 5 min and then placed on ice at least for 2 min prior to IP or reverse transcription reaction. Multiscribe reverse transcriptase was used to make cDNA, according to the manufacturer's recommendations.

To check for nonspecific RNA pull-down, the elution, after the third round of BrdU immunoprecipitation, was run on a bioanalyzer Eukaryote Total RNA Pico Series II chip, according to the manufacturer's instructions. NRO samples made with uridine triphosphate (UTP) were run in parallel to samples made with Bromo-UTP (BrUTP). Signal intensity is normalized across all samples in the gel-like output image.

Chromatin Immunoprecipitation {#sec4.11}
-----------------------------

RNA Pol II ChIP cells were crosslinked with 0.5% formaldehyde in neurobasal for 10 min at room temperature. The crosslinking was stopped with glycine, and cells were immediately placed on ice and lysed in L1 buffer. Purification of chromatin was done as previously described.[@bib40] Chromatin was sonicated in the Diagenode mini water bath to 100--400 bp fragments. 5 μg of antibody 3E8 (Millipore), 50 μL of protein G-coated Dynabeads, and 68 μg of chromatin were used per IP. Signal from intron 1 primers was standardized to input, normalizing to *Gapdh* intron 2 primers. Fold change was calculated relative to the SCR ASO signal from *Hdac2* exon 5 primer from each batch of chromatin. One-half of the plates were treated with SCR ASO and *Hdac2* ASO1 for each preparation of primary neurons, so batch effects could be taken into account.

Statistics {#sec4.12}
----------

ANOVA and Student's t tests were conducted in GraphPad Prism version 8 with indicated post hoc tests.
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